ABSTRACT In order to explore the coupling inter-relationship between two closely placed memristors (MRs), a new circuit for emulating MRs is proposed. The coupling behavior between closely placed MRs is achieved by making use of the inductive coupling properties of two inductors. The most attractive advantages of this emulator are the unique capability that it offers for wireless coupling and high-frequency operation up to dozens of kilohertz. The theoretical discussion for the dynamic operation performance of this coupled MRs emulator is presented and then validated by simulation and experimental results considering different parameter configurations. The value of memductance for one MR can be altered by the MR on the other side. Meanwhile, no energy could be transferred between two MRs. Good agreement between theoretical and experimental analysis confirms that the proposed emulator could be utilized for discovering potential applications of coupled MRs.
I. INTRODUCTION
The successful fabrication of physical nanoscale memristor (MR) by scientists from HP Labs has attracted immense interests worldwide from both industry and academia [1] - [3] . MR is deemed as the fourth fundamental circuit element with the special ability of variable resistance-based memory, which could enable potential applications in various areas. For instance, MR can be applied to construct crossbar architecture [4] - [6] , neural networks [6] - [9] , RF/microwave devices [10] - [12] , oscillators [13] - [15] , filters [16] , [17] and so forth.
Since commercial MRs are still not popularized due to the high cost and fabrication difficulties, many simple electronic circuits which can manifest memristive dynamics are presented to exploit inherent behaviors of MR [18] , [19] . Indeed, many MR emulators are built for implementing MR in circuit applications. Those emulators are ranged from mathematical description of generalized constitutive relations to practical implementation of electronic circuits. The mathematical description could be easily realized by utilizing simulation [20] - [22] . Electronic devices with variable resistance are widely adopted for practically implementing MR emulators, such as light dependent diodes and resistors, junction field effect transistors and programmable potentiometers and so on [23] - [25] . By making use of MR emulators, dynamic behaviors of single MR-based circuits such as learning [26] , activation-based dynamics [27] , chaotic oscillation [28] , bifurcation [29] , boundary dynamics [27] , [30] , MR-inductor-capacitor series circuit dynamics [31] , have been observed. Dynamic behaviors of multiple MR-based circuits also draw people's attention. [32] demonstrates that under particular conditions, the anti-parallel combination of MRs can be implemented as memristive synapse into a chaotic neural circuit. The composite characteristics of multiple MRs in parallel and serial connections in terms of different polarities are analyzed in [33] - [35] . [36] shows that spiking circuits constructed by three MRs with anti-series and/or anti-parallel compositions can produce richer and more complex dynamics than those constructed by two MRs. In addition, [36] also suggests that oscillations and spikes existing in three MRsbased circuits may have similar phenomena to brainwaves and neural spike trains, and hence could be used to perform neuromorphic computation. In [37] , transient characteristics of multi MRs are exhibited via the constitutive relations of each MR in terms of connection polarities and initial states.
The composite characteristic of n MRs together in serial and parallel connections are generalized in [38] , in consideration of k (0 ≤ k ≤ n) MRs with identical polarities and n − k MRs with different polarities.
It has been highlighted in [39] that the multiple TiO 2 MRsbased integrated circuit possesses mutual capacitances and inductances among MR cells and the mutual strength are dependent on the size and position of each MR. Recently, coupling is disclosed as the third unique relation of MRbased circuits beyond serial and parallel, by taking the thermal dynamic coupling in memristive systems as example [40] . Generally, the MRs benefit from the size of nanoscale and can be placed with high density in order to construct functional circuits such as massive neuromorphic computation and information storage [6] , [8] . For example, the nanoscale binary MRs are implanted in integrated circuit of neural crossbar architecture and then operated as the learning cell of synapses [6] . In such compact architectures with many MRs of high densities, the coupling action between nanoscale MRs is inevitable and deserves further investigation.
As there is no research on real MRs with flux-based coupling effects, for the sake of discovering the composite behavior of two coupled MRs, a flux-coupled MRs emulator which can be easily realized by practical off-the-shelf electronic components is proposed in [41] , of which the coupling effect is achieved by using adder circuits connected between two MR emulators. However, in the practical implementation suggested in [41] , it is still impossible to avoid the wired connection between two MR emulators due to the requirement of adder circuits. In [42] , the composite behaviors of two flux-controlled MRs in series and parallel connections are presented, but only the theoretical calculation and the graphical user interface based on MATLAB are introduced. Since MR is constitutively described by flux and charge, by referring to mutual inductors and capacitors, the coupling effect between two MRs is supposed to be wireless via magnetic or electric fields.
In this paper, an MR emulator which can be operated under high excitation frequencies over dozens of kilohertz is proposed. This emulator circuit is then utilized for structuring wirelessly coupled MRs emulators by making use of two mutual inductors. Both the simulation and experimental results are presented to validate the theoretical analysis and the practicability of the proposed emulator. The remaining of this paper is organized as follows. A coupled MRs emulator with wireless and inductive coupling action is mathematically described and designed in circuit based on a single MR emulator in section II and then circuit dynamic responses of the coupled MRs emulator are analyzed in Section III. Simulation tests in terms of a single MR emulator, the coupled MRs emulator, and dynamic response of coupled MRs-based circuits are given in Section IV, while the practicability of this coupled MRs emulator is experimentally validated in Section V, with error analysis. Concluding remarks are given in Section VI.
II. MATHEMATICAL DESCRIPTIONS AND DESIGN OF A COUPLED MRs EMULATOR
In this section, mathematical descriptions and the circuit design of a coupled MRs emulator is derived from a single MR emulator.
MRs can be defined as charge-controlled ones and fluxcontrolled ones, in terms of two intrinsic state variables flux ϕ and charge q [43] , or defined as current-controlled ones and voltage-controlled ones in terms of two intrinsic state variables voltage v and current i [21] , [44] . As defined in [1] , the constitutive relationship between voltage and current of a charge-controlled MR can be written as
where v(t) denotes voltage and charge q is the time integral of i(t). i(t) is the current going through MR and M (q) represents the nonlinear charge controlled memristance. Moreover, the memristance is defined as
where flux ϕ(q) is the time integral of voltage v(t). Similarly, the current of a flux-controlled MR can be written as
where W (ϕ) denotes the flux-controlled memductance of MR, and here we rename the memductance W (ϕ) as MD.
Equation (4) reflects that the value of MD is equal to the slope of q-ϕ curve. According to the definition of coupling, two MRs can physically influence or be influenced by the state-variable(s) of the other [40] . Flux ϕ and charge q are two intrinsic state variables related to the MD of MR. Hence two MRs can be considered as coupled either by flux or charge, as shown in Fig. 1 . In accordance with (3) and (4), a flux controlled ideal MR system with coupling action can be described by the following set of equations,
(5b) VOLUME 5, 2017 In order to characterize the memristive behavior of a flux-controlled MR, diverse mathematical models have been proposed to describe the nonlinear MD, such as the piece-wise linear [45] , the cubic [46] , the exponential fluxcontrolled [47] , and the linear flux-controlled [48] models, etc. Here we consider ideal MRs with linear flux-controlled MDs in order to present analytical solutions which are significant for clearly illustrating the influences from coupling effects on values of MD. In this model, the MD of the fluxcontrolled MR can be expressed as
where α is a constant indicating the variation rate of W (ϕ), while β is the initial value of MD when assuming ϕ(0) = 0 Vs. The coupling effects of realistic memristive devices with high complexities can be obtained using the same procedures reported in this paper, however, numerical approaches will be required differently from the adopted analytical approach. Based on (5) and (6), the individual MD of two flux coupled MRs can be described by
It can be seen that the value of MD of each individual MR can be influenced by the other. In accordance with (7), the coupling strength between these two MRs is reflected by coefficients κ 1 and κ 2 . Hence, these two MRs can be easily configured into tightly or loosely coupled by adjusting κ 1 and κ 2 . The coupling action between these two MRs as connected in serial or parallel configurations could result in attractive new behaviors [41] .
To achieve emulation of wireless and inductive coupling connection between two MRs, an MR emulator circuit by making use of single inductor is proposed and analyzed first, as shown inside the left red frame of Fig. 2 (labeled as MR1) , of which five active devices are required. Suggest that the voltage across terminals A1 and B1 to excite MR1 is v A1B1 . U11, U21 and U51 are the current feedback op amps (CFOAs) AD844. U31 is an operational amplifier TL084 and U41 is a multiplier chip AD633.
To mathematically describe the constitutive relations of single MR1, the output voltages of U11 and U21 are labeled as v 1z1 and v 2z1 , respectively. According to the input-output characteristics of CFOA (AD844), the current flowing into terminal x is identical to the current inputting into terminal z, hence we have i R11 = i c11 and i MR1 = −i R51 . Also,
where v A1B1 is the excitation voltage across terminals A1 and B1. Symbol i MR1 denotes the current going through the two terminals of the emulator MR1 and v w1 is the output voltage of U41. With regard to the operation of U21, the voltage of terminal x is equal to zero since terminal y of U21 is shorted to ground. In addition, the voltage v 1z1 of terminal p is equal to the voltage across capacitor C 21 , and further equal to the voltage across the resistor R 11 . Hence, the following equation holds
where i L11 is the current going through inductor L 11 , and the equation is obtained under the assumption of zero initial conditions for all the variables under integration. The case for MR2 can be symmetrically analyzed as MR1, and the voltage across terminals A2 and B2 is v A2B2 .
The wireless and inductive coupling operation can be achieved by making use of two coupled inductors L 11 and L 12 in MR1 and MR2 respectively, as shown in the blue frame of Fig. 2 . By defining the mutual inductance between inductors L 11 and L 12 as M 12 , the following equations hold
By integrating both sides of (10), we have
According to the current input-output characteristics of U21 and U22, it can be deduced that currents flowing through inductors L 11 and L 12 are in negative proportion to the time derivation of v 2z1 and v 2z2 , respectively, namely,
By substituting (12a) into (11a), the relationship between the voltage v A1B1 and the voltage v 2z1 can be obtained from
Hence, the voltage v 2z1 can be derived by solving (13) ,
where ϕ A1B1 is the time integral of v A1B1 . By referring to the preceding calculation procedure of MR1, the voltage v 2z2 of MR2 can be obtained by
where ϕ A2B2 is the time integral of v A2B2 . By combining (14) and (15), the expression of v 2z1 and v 2z2 can be analytically solved in terms of ϕ A1B1 and ϕ A2B2 , namely,
, (16a)
. (16b)
The above two equations indicate that the voltages v 2z1 and v 2z2 of each MR can be represented by a linear combination of flux. By substituting (16) into (12), expressions for currents going through L 11 and L 12 can be solved as follows,
.
The operation amplifier TL084 is used as an adder circuit to introduce the initial value for each MD. The output voltages of the two adders TL084 can be described by
where v s1 and v s2 are sampled from two constant voltage sources. Note that, according to (18) and Fig.2 , values of v s1 and v s2 are configured to be negative in order to achieve a positive initial value for the MD. By combining (16) and (18), we have
(19b)
The current going through terminal x of U51 and U52 are dependent on output voltages of U41 and U42, respectively. According to the datasheet of the multiplier AD633, output voltages v w1 and v w2 can be expressed by 42 10
Note that, the current flowing into MR1 is identical to the inverse current flowing through R 51 , namely, i MR1 = −i R51 . It follows that, where
,
Equation ( Hence, the wireless and inductive coupling action can be achieved between two MRs by virtue of the two mutual inductors, and coupling strengths between MRs are dependent on the value of the mutual inductance M 12 for inductors. By referring to (22) , the proposed coupled MRs emulators can also be operated as two individual MRs by configuring the coupling inductance M 12 to zero.
Note that, when the value of M 2 12 is close to L 11 L 12 , the variation rates of W 1 and W 2 will be very large and the two coupled MRs emulators are performed as individual normal resistors. For the special case of M 2 12 = L 11 L 12 , the expressions given by (22) are no longer valid and the proposed emulator cannot be effectively used for emulating coupled MRs.
III. THE BEHAVIOR OF COUPLED MRs-BASED CIRCUITS
The coupling effect between MRs can offer us a new option of circuit connection. Also, coupled MRs could be utilized to structure functional circuits with new dynamic characteristics that need to be investigated. MR-based circuit systems could be mutually interacted due to the coupling action of MRs, and the interacting process is depicted in Fig.3 (a) .
For ideal coupled capacitors (inductors), it has been well known that the voltage or current of a capacitor (an inductor) in one side can be directly varied by the other via the magnetic or electric field. At the meantime, energy can be wirelessly transferred between dual coupled capacitors (inductors). In this section, we hope to first discover the interrelationships of voltage, current and flux between coupled MRs. Whether energy could be transferred by using the inductive coupling between coupled MRs will be discussed in section IV, part C. Thus in this section, we first assume that there is no energy transferred between two coupled MRs, and the following calculation is based on this assumption.
A special case of coupled MRs-based circuit is chosen for demonstration to analyze the coupling behavior at first, as Fig. 3(b) . Then the result could be expanded to multiple coupled MRs-based circuits, as Fig. 3(a) . In Fig. 3(b) , MR1 is excited by an independent AC voltage source and MR2 is in serial connection with a charged capacitor C 0 via the controllable switch S in circuit 2. The voltage across terminals A1 and B1 to excite MR1 is denoted as v 1 
We assume that the initial flux across MR2 is zero, the initial voltage across capacitor C 0 is V 0 . The voltage across terminals A2 and B2 of MR2 is set as v A2B2 .
The moment when the switch S is turn on at time t = 0, according to Kirchhoff's Voltage Law (KVL), the voltage across MR2 and the capacitor can be written as
The voltage and current of MR2 satisfies the Ohm's Law, hence we have
By substituting (22b) into (25) and considering the relationship between flux ϕ A2B2 and voltage v A2B2 , we have
Hence, v A2B2 can be obtained theoretically by solving differential equations in MATLAB, as
where
It can be seen from (27) that the voltage v A2B2 across MR2 is positive and dependent on the flux ϕ A1B1 and time t. For periodically oscillating ϕ A1B1 defined by an independent sinusoidal AC voltage v A1B1 , the value of v A2B2 will be fluctuated and attenuated along with time t until zero. Meanwhile, the current i MR2 flowing through MR2 can be derived by
Since the value of MD is always positive, the current passing through MR2 is also positive and is determined by ϕ A1B1 and ϕ A2B2 .
Without consideration of the coupling effect between MR1 and MR2, namely, κ 1 = 0 and κ 2 = 0, the voltage across MR2 can be expressed by
The current can be obtained by
Equation (29) reflects that the voltage v A2B2 across MR2 is positive and can be monotonically decreased till zero along with time without influence from MR1. The current i MR2 going through MR2 is also positive and is evolved dependently based on values of α 2 and β 2 . The parameter β 2 with relatively higher values could result in faster decrement of i MR2 and a shorter discharging process of capacitor C 0 .
It is demonstrated in this section that, in an MR-C discharging circuit, the terminal voltage and current of MR can be altered by another MR through the coupling action between MRs via state variables flux.
IV. SIMULATION ANALYSIS
To further probe the inherent dynamic behaviors of the coupled MRs emulator, simulation tests are carried out by making use of the PSpice software. System parameters for testing the coupled MRs emulator are configured as follows.
and v 2 (t) = v A2B2 (t) = V 2 sin(2π f 2 t) are applied to MR terminals A1B1 and A2B2, respectively. The circuit schematic is configured in Fig.2 .
A. SINGLE MR EMULATOR
As the coupled MRs emulator is structured based on single MR emulators, firstly the circuit enclosed by the red frame shown in Fig. 2 is chosen for illustration to examine the operation performance of the proposed single MR emulator.
Without considering the inductive coupling action by setting M 12 to zero, equivalent parameters for the emulator are calculated as, α 1 = α 2 = 0.1471kS/Wb, κ 1 = κ 2 = 0, β 1 = β 2 = 0.5mS, V 1 = 0.6V. Initial values of the fluxes ϕ A1B1 (0) and ϕ A2B2 (0) are configured equal to zero. Equation (8b) shows that the current flowing into MR1 is in negative proportion to the voltage across the resistor R 51 . Hence, the voltage −v R51 is sampled for calculating the current i MR1 . Likewise, based on (16a) and (19a), the voltage across C 21 and the voltage v add1 can be measured for calculating the flux ϕ A1B1 and W 1 (ϕ A1B1 ), respectively.
The simulation data of current and voltage across terminals A1 and B1 of MR1 are collected to plot the Pinched Hysteresis Loop (PHL) at f 1 = 60 kHz, f 1 = 90 kHz and f 1 = 150 kHz, respectively, as shown in Fig. 4(a) . It can be observed that all these three PHLs behave as an inclined ''8'', and they can be shrunk by increasing the frequency. Also, the hysteresis lobe area enclosed in each v − i PHL is evidently reduced by increasing the frequency. These dynamic phenomena are in good agreement with the unique fingerprints necessarily required for identifying a device as MR [49] , [50] . Waveforms of v A1B1 , −v R51 , −v 2z1 and v add1 corresponding to f 1 = 60 kHz in the time domain are displayed in Fig.  4 (b) for further demonstration, from which we can see that, voltage v A1B1 and current (−v R51 instead) are simultaneously passing through zero, and the current is no longer in sinusoidal shape due to the timely changing MD value. Moreover, the curve of flux ϕ A1B1 lags behind voltage v A1B1 with a phase difference of π /2. The value of MD is always positive, which reflects the correctness of (16a) when κ 2 = 0. These results confirm that, the circuit enclosed by the red rectangular frame can be performed as an independent MR.
Due to the symmetry, the MR2 circuit, which is located by the right side of MR1 can be also operated as an independent MR emulator without considering the mutual inductance between the two inductors.
B. COUPLED MRs EMULATOR
Wirelessly coupled MRs can be structured by considering the mutual inductance between inductors L 11 and L 12 . According to (22) , by tuning the mutual inductance M 12 , the coupling strength of these two MR emulators can be then adjusted, and hence the value of MD and dynamic behaviors of each MR could be varied.
This wirelessly coupled MRs emulator system is also validated by making use of two independent sinusoidal voltages. Firstly, the amplitude V 1 is configured as 0.6V, V 2 is configured as 0.55, 0.6 and 0.65V respectively. MR1 is taken for demonstration to analyze the dynamic influence from MR2 via the inductive coupling action. By configuring M 12 = 0.9mH, the coupling strength can be calculated on the basis of (22) as κ 1 = κ 2 = 0.697kS/Wb. It can be seen from Fig. 4(b) that, for a single MR, the waveform of flux lags behind that of excitation voltage by π /2. Here we set frequencies as f 1 = f 2 = 60kHz, which means that there is no phase difference between ϕ A1B1 and ϕ A2B2 . PHLs of VOLUME 5, 2017 Secondly, PHLs of MR1 in terms of different coupling strength are exhibited in Fig. 5(b) under the condition of V 1 = V 2 = 0.6V and κ 1 and κ 2 are set to be 0, 0.048 and 0.697 kS/Wb, respectively by changing the value of M 12 . It can be observed that, each enclosed lobe area of the PHL is also decreased by the increment of κ 1 and κ 2 .
To explain the above-mentioned phenomena, by referring to (22) , for the special case of v A1B1 (t) = v A2B2 (t) and L 11 = L 12 , the expression of W 1 can be simplified as
where zero initial conditions for the fluxes of the two MRs as well as circuit parameters R 11 C 11 = R 12 C 12 are considered. The expression of (31) shows, when values of V 1 is fixed, the maximum and minimum values for ϕ A1B1 are also fixed. When the value of ϕ A1B1 is positive, the increment of mutual inductance M 12 will result in a smaller value of W 1 (ϕ A1B1 ), and further lead to a smaller value of i MR1 . When the value of ϕ A1B1 is negative, the increment of mutual inductance M 12 will result in a larger value of W 1 (ϕ A1B1 ), and further lead to a larger value of i MR1 . According to [51] , the lobe area enclosed in a v-i PHL denotes complementary parts of instantaneous power v × i of the MR. Thus the increment of M 12 will result in the decrement of the enclosed lobe area of the PHL. Furthermore, to observe the influence of MR2 via the inductive coupling action on the impedance characteristics of MR1-based circuits, a capacitor C 1 with the capacitance of 1nF is in-parallel-connected with MR1, as shown in Fig. 6 . Circuit parameters for excitations v 1 (t) = V 1 sin(2π f 1 t) and v 2 (t) = V 2 sin(2π f 2 t) are configured, as V 1 = V 2 = 1V, f 1 = f 2 = 100kHz. Voltages across MR terminals A1B1, A2B2 are denoted respectively as v A1B1 and v A2B2 . Fig. 4(b) , the impedance characteristics of circuit is changed by the serial insertion of the capacitor. The MR1-C1 circuit is a capacitive circuit. By increasing the coupling strength κ 2 from 0 to 0.137kS/Wb, the peak-to-peak amplitude of i MR1 as well as the phase difference between v A1B1 and i MR1 will be decreased. The curves enclosed by the dotted frame are zoomed in and depicted in Fig. 7(b) for comparison. The reason for this phenomena, from (22) we can see that, the increment of the value of M 12 leads to a decrement in the value of W 1 (ϕ A1B1 , ϕ A2B2 ). When the value of ϕ A1B1 is positive, the increment of M 12 will decrease the peak value of W 1 and i MR1 ; and the reduction of the value of W 1 will further lead to the reduction of phase difference between current and voltage because the reactance of the capacitor C 1 stays constant and that of MR becomes larger.
C. DYNAMIC RESPONSE OF COUPLED MRs-BASED CIRCUITS
In section III, it is demonstrated that in an MR-C discharging circuit, the terminal voltage and the current of an MR can be altered by another MR through the coupling action between MRs via state variables flux. In this section, we hope to discover whether energy could be transferred by using the inductive coupling between two coupled MRs. Dynamic responses of coupled MRs emulator-based circuits can be obtained by simulation.
Assuming that a sinusoidal voltage v A1B1 = 0.6 sin(2πf 1 t) is imposed on MR1, and MR2 is in-parallel-connected with a capacitor C 0 with the capacitance of 0.05uF and initial voltage 0.5V, as shown in Fig. 3(b) . The initial electric charge of C 0 can be calculated as 2.5 × 10 −8 C. By configuring f 1 = 60kHz, the simulation results are collected with regards to two conditions of M 12 = 0 and M 12 = 0.1mH, namely, κ 1 = 0 and κ 1 = 0.070kS/Wb, respectively. Also, the voltage −v R52 is utilized for representing the current i MR2 going through MR2.
These two cases are sampled under the case that the switch S in Fig. 3(b) is closed at t = 0.
For the case of κ 1 = 0, MR2 is in fact performed as an independent MR without coupling characteristics. The terminal voltage and the equivalent current of MR2 are sampled and exhibited in Fig. 8(a) . It can be observed that, after a very short interval without attenuating oscillation, the voltage and current are monotonously decreased along with time and reach zero at t = 0.194ms, which is in agreement with mathematical calculations (29) and (30) .
When the coupling strength κ 1 is configured to 0.070kS/Wb, the voltage and equivalent current of MR2 are shown in Fig. 8(b) , from which we can see that, curves of v c and i MR2 both have positive values and oscillate with attenuating amplitudes till t = 0.209ms. Oscillations of v c with an attenuating amplitude are in fact drawn forth by MR1 through the inductive coupling. MR1 is excited by a sinusoidal voltage supply. This result is in good agreement with the theoretical calculation of (27) and (28), and when the coupling strength is enlarged, the circuit operation of MR1 will exert a larger effect on the MD value variation characteristics of MR2.
The total charge in the MR2-C 0 circuit at the initial instant t 0 is defined as Q 0 , and the total charge in this circuit is defined as Q(t). According to [52] , for the time t ≥ t 0 , the value of Q(t) is equivalent to Q 0 . It means that all the initial charge stored in C 0 will finally go through MR2. For these coupled MRs, suggest that there does exist energy directly transferred from circuit 1 to circuit 2 via the magnetic inductive coupling connection, then the total charge going through MR2 will be increased.
As shown in Fig. 8 (a) and (b) , the shaded area under the equivalent current curve −v R52 can be used to intuitively represent the time integral of i MR2 . It can be calculated that, the value of these two shaded areas are both identical to 2.5×10 −5 V·s. This result indicates that the integral of i MR2 is equal to 2.5 × 10 −8 C, which is identical to the initial electric charge of the capacitor C 0 .
Consequently, though MR is a dissipative element capable of storing information by means of nonvolatile MD [53] , [54] , no energy could be transferred between MR1 and MR2 through coupling action. This result could be also applied to multiple coupled MRs-based circuits with higher complexities, such as Fig. 3(a) . 
V. EXPERIMENTAL VERIFICATION
A prototype is built for validating the theoretical correctness and practicability of the coupled MRs emulator, and the circuit schematic is the same as Fig.2 . Hardware experiments are carried out under different coupling strengths and excitation voltage amplitudes. Two coupled inductors are fabricated on two C-shaped cores by using copper wire. The shape of the magnetic core is shown in Fig. 9(a) , and two fabricated inductors that are placed together with air gaps are shown in Fig. 9(b) .
In the experimental test, the coupled inductance are configured as L 1 = 1.028mH, L 2 = 1.030mH and M 12 = 0.956mH. The air gap between two cores are fixed by tying them together. If we only put inductor L 11 into an excited MR circuit, an individual MR circuit can be obtained without coupling action, and the value of the coupling effect between two cores is zero. If we put two cores into two excited MR circuits respectively, coupled MRs with inductive coupling strength can be obtained. By adjusting the air gap between these two C-shaped magnetic, the coupling strength as well as the inductance can be altered as required. If MRs are coupled, two coupling coefficients can be calculated as κ 1 = κ 2 = VOLUME 5, 2017 0.9631kS/Wb. Other related key circuit parameters are set as
Two sinusoidal excitation voltages v A1B1 (t) = V 1 sin(2πf 1 t) and v A2B2 (t) = V 2 sin(2π f 2 t) are imposed onto the terminals of MR1 and MR2, respectively. The experimental data are captured by oscilloscope TDS20114B and drawn by OriginPro9.0 with intactness. 
A. SINGLE MR EMULATOR
Two coupled MRs are operated as independent MRs by configuring M 12 to zero, namely, κ 1 =κ 2 =0. By setting V 1 to 0.6V, measured curves of MR1 are shown in Fig. 10 . In Fig. 10(a) , under the condition of excitation frequencies equal to 60kHz, 70kHz and 90kHz, respectively, PHLs of MR1 are all behaving as an inclined ''8'' passing through the origin. Evidently, PHLs can be shrunk by the excitation frequency increment and the corresponding lobe area is hence reduced, which reveals typical fingerprints of an MR. The PHL of a single MR emulator presented in Fig. 10(a) is slightly deformed with asymmetrical shape as compared with that of Fig. 4(a) . This difference can be reasonably attributed to the calculation inaccuracy of practical components in experiments, which also reflects that the newly proposed MR emulator is sensitive to parameter errors.
Waveforms of v A1B1 , −v R51 , −v 2z1 and v add1 in time domain are exhibited in Fig. 10(b) . The voltage −v R51 is in linear proportion to current i MR1 and hence v R51 exhibits a phase difference of π from v A1B1 . In addition, the value of v add1 is in fact proportional to the value of W 1 (ϕ A1B1 , ϕ A2B2 ), which is positive and periodically evolved. According to (16a) and by setting M 12 to 0, since −v 2z1 is proportional to ϕ A1B1 , hence the phase of −v 2z1 lags behind the phase of v A1B1 by π /2. As compared with those curves in Fig. 4 , these experimental results are in good agreement with simulation.
B. WIRELESSLY COUPLED MRs EMULATORS
The excitation voltages adopted for practically testing the wirelessly coupled MRs emulator are configured as v A1B1 (t) = V 1 sin(120000π t) and v A2B2 (t) = V 2 sin(120000π t). We set κ 1 = κ 2 = 0.9631kS/Wb and V 2 = 0.6V. PHLs of MR1 as voltage amplitudes V 2 of v A2B2 varies from 0.55V, 0.6V to 0.65V are displayed in Fig. 11(a) . These trends are in good agreements with simulation results as shown in Fig. 5(a) . The result also reveals that, the amplitude deviation of the excitation voltage of one MR is capable of resulting in obvious variation on the shape of the PHL of MR on another side through the coupling action.
Then PHLs with regards to cases κ 1 = κ 2 = 0 and κ 1 = κ 2 = 0.9631 kS/Wb when V 1 = V 2 = 0.6V are presented in Fig. 11(b) , which shows that the increment of coupling strength κ 1 and κ 2 can lead to shrink of the enclosed lobe areas of PHL for MR1. This result is consistent with that shown in Fig. 5(b) .
The above experimental results confirm that the proposed emulator circuit possesses good practicability for mimicking wirelessly coupled MRs.
C. ERROR ANALYSIS UNDER M 12 = 0
In addition to agreement with theoretical and simulation results, measured experimental curves also exhibit inaccuracies and errors, which deserve further inspections.
According to [50] , an ''ideal'' PHL of MR must pass through the origin for any bipolar periodic input voltage, which assumes both positive and negative voltages in addition to zero mean. It can be observed that, experimentally measured PHLs do not cross the origin exactly but rather exhibit some slight deviations. Also, PHLs are asymmetrically deformed regardless of the existence of the coupling connection. These errors could be reasonably attributed to the parameter deviation of practical circuit components and devices.
In the circuit design of Fig. 2 , capacitors C 21 and C 22 are performed as integrators together with U21 and U22, respectively. For excitation voltage with even small DC offset, the integral capacitors will be continuously charged until the saturation takes place at the output terminals of active chips AD844. The output saturation might lead to unexpected operation failure of the MR emulator. An effective measure generally used for eliminating this output saturation is to connect a suitable resistor in parallel with the integral capacitor. In practical implementation of Fig. 2 , two resistors with relatively high resistances, denoted as R 01 and R 02 , are connected in parallel with integral capacitors C 21 and C 22 , respectively. These two resistors must be suitably configured in order to effectively suppress the output voltage drift of the integral capacitor to an acceptable small value. The output drift will cause asymmetric enclosed lobe areas of the PHL in terms of the origin. The configuration of the parallel resistance is in fact dependent on the excitation frequency and the reactance of the integral capacitor. When values of reactance for R 01 and R 02 far overweigh the capacitive reactance, the current flowing through the parallel resistor will be too small. Thus the voltage deviation caused by DC offset will not be timely suppressed and accordingly could lead to severer asymmetric leaves of the PHL or even emulation failure. When values of R 01 and R 02 are excessively small, the current flowing through the parallel resistor is large, which will exert a negative influence on the current through the integral capacitor and cause differences between values of currents i L11 and −i C21 , as well as i L12 and −i C22 . Thus large values of R 01 and R 02 will give rise to evident phase errors between voltage and current of the integrating circuit. In short, values of R 01 and R 02 should be configured in proper ranges according to different circuit parameters.
In order to find a value for the parallel resistor, by putting the inductor L 11 into an excited MR circuit, an individual MR circuit can be obtained with M 12 = 0, we take MR1 as an individual MR without coupling effect with other MR for example. The circuit schematic is shown in the red frame of Fig. 2 . Circuit parameters are configured as L 1 = 1.028mH,
The operation reactance of the component capacitor C 21 for MR1 with excitation frequency of 60 kHz is calculated to be 3902.8 . It can be experimentally confirmed that, the parallel resistance R 01 whose value close to 50k can achieve relatively good performance as used to suppress the voltage drifts of the integrating capacitor. PHLs experimentally measured from MR1 are depicted in Fig. 12 as values of R 01 are configured to 44.7k , 48.5k and 56.5k , respectively. In these cases, values of R 01 and R 02 exceed ten times the reactance of C 21 . It can be seen that, when R 01 is configured to 44.7k , two enclosed lobe areas for the PHL appear in the first and third quadrants exhibit better symmetry with respect to the origin, as compared with PHLs of cases when values of R 01 are configured to 48.5k and 56.5k . However, the resistance value of the parallel resistor also has great influences on the current peak-to-peak amplitude passing through the MR emulator. The value of current floating through integrators would be reduced, causing the reduction of flux value (−v 2z1 instead) and further the reduction of i MR1 . As shown in Fig. 12 , the maximal value of −v R51 is diminished from 0.35V to 0.30V as the value of R 01 is reduced from 56.5k to 48.5k . Note that, the parallel resistor can be figured in a proper range when its reactance reaches ten times the reactance of the parallel capacitor. Hence, for the sake of a balance between symmetry and voltage deviation, a parallel resistor with 48.5k resistance can be picked up for testing by comprehensively analyzing the experimentally collected data. The intersection point of the PHL is supposed to precisely passing through the origin. However, Fig. 12 shows that the intersection point of the experimentally measured PHL is deviated slightly from the origin. It has been pointed out in [55] that, the parasitic inductance and capacitance may result in a deviation of the PHL intersection from the origin. To find the reason of the intersection point deviation, current and voltage waveforms of MR1 in the time-domain are shown in Fig. 13(a) , which are supposed to together passing through zero. It can be seen from the partially enlarged figure  Fig. 13(b) that, on the contrary, the phase of current i MR1 lags slightly behind that of the voltage v A1B1 by θ = 2 • , which may probably imply the potential inductive characteristics of the coupled MRs emulator. This unique behavior of MR emulator circuit is also discovered and interpreted in [55] . The phase deviation between voltage and current of the MR will certainly bring about a deviation of the intersection point from the origin.
The disturbance contributed by the signal generator and power supply will also bring about experimental testing errors. For example, in order to eliminate unexpected voltage fluctuations and noises, two 10nF capacitors are connected in parallel with the power supply sources v s1 and v s2 . VOLUME 5, 2017 These errors could be lessened by adopting components and devices with high precision and improving the accuracy of measurement.
VI. CONCLUSION
In this paper, a new wirelessly coupled MRs emulator is proposed by making use of two mutual inductors, with the purpose of studying the coupling behaviors between closely placed practical MRs. Our theoretical and simulation show the value of memductance (MD) of each MR can be mutually altered by the other MR and no energy would be transferred between coupled MRs. Experimental implementation is carried out to validate the theoretical analysis and the practicability of the coupled MRs emulator. Experimental inaccuracies caused by the practical circuit components are also interpreted, which reflects the sensitivity of the proposed coupled MRs emulator in terms of parameter errors. Future research on coupled MRs emulator can be focused on optimizing the circuit structure in order to lower the parasitic parameters, designing coupled MRs emulator with floating terminals, and on discovering the potential applications of coupled MRs in the design of electronic circuit with new functionalities. He is widely known for his invention of the memristor and the Chua's circuit. His research has been recognized internationally through numerous major awards, including 16 honorary doctorates from major universities in Europe and Japan, and seven U.S. patents. 
